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Dissociation of ultracold molecules with Feshbach resonances
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Ultracold molecules are associated from an atomic Bose-Einstein condensate by ramping a mag-
netic field across a Feshbach resonance. The reverse ramp dissociates the molecules. The kinetic
energy released in the dissociation process is used to measure the widths of 4 Feshbach resonances
in 87Rb. This method to determine the width works remarkably well for narrow resonances even in
the presence of significant magnetic-field noise. In addition, a quasi-mono-energetic atomic wave is
created by jumping the magnetic field across the Feshbach resonance.
PACS numbers: 03.75.Nt, 34.50.-s
The field of ultracold molecules has seen impressive
progress over the course of the last year. A recent land-
mark achievement was the creation of a Bose-Einstein
condensate (BEC) of molecules [1–4]. Presently, several
experiments are exploring the crossover regime between
BEC and BCS (Bardeen-Cooper-Schrieffer) superfluidity
[4–8]. While these experiments associate bosonic dimers
from fermionic atoms (see also Ref. [9]), there is also
considerable interest in dimers associated from bosonic
atoms [10–13]. Ultracold molecules are created by first
cooling atoms to ultracold temperatures and then associ-
ating them to molecules using either photoassociation or
a Feshbach resonance. In the latter case, the molecules
are typically created by slowly ramping the magnetic field
in the appropriate direction across the Feshbach reso-
nance.
In this paper, we investigate the dissociation of
molecules by ramping the magnetic field back through
the resonance. The kinetic energy released in the dissoci-
ation depends on ramp speed and on the width of the res-
onance. This was previously used to determine the width
of a fairly broad Feshbach resonance in Na [14]. We now
used this method to determine the widths of four Fesh-
bach resonances in 87Rb. We discuss, why the widths of
narrow Feshbach resonances can be determined with this
method even in the presence of significant magnetic-field
noise. Indeed, three of the resonances investigated here
are so narrow that their widths are not accessible oth-
erwise. In addition, an outgoing quasi-mono-energetic
atomic wave is created by jumping the magnetic field
across the resonance instead of ramping linearly in time.
In this case, the atoms fly apart on the surface of a hollow
sphere.
We start with a brief summary of the theoretical
background [14–16]. A Feshbach resonance arises when
a closed-channel bound state crosses an open-channel
dissociation threshold when varying the magnetic field.
Near this crossing, the bare states are coupled to dressed
states. The energy ǫ of the bare molecular state with
respect to the dissociation threshold depends to a good
approximation linearly on the magnetic field B so that
ǫ = (B−Bres)∆µ, where the slope ∆µ is the difference in
the magnetic moments between a molecule and a dissoci-
ated atom pair, and Bres is the position of the Feshbach
resonance.
A long-lived molecule can only exist for ǫ < 0. Other-
wise, the molecule dissociates spontaneously into a pair
of unbound atoms due to the resonant coupling to the
continuum of atomic pair states above the dissociation
threshold. When a molecule at rest with ǫ > 0 dissoci-
ates, the energy ǫ is released as kinetic energy of the two
atoms. Since total momentum is conserved and both
atoms have equal mass, the atoms have equal kinetic en-
ergy (E = ǫ/2 each) and precisely opposite momentum
vectors. The decay rate Γmol of the molecules can be
obtained from Fermi’s golden rule, yielding [14]
Γmol(ǫ) =
2|∆B∆µ|
h¯
(
m a2bg
h¯2
ǫ
)1/2
(1)
for ǫ > 0, and Γmol = 0 otherwise. Here, ∆B is the width
of the Feshbach resonance, m is the mass of an atom,
and abg is the background value of the s-wave scattering
length. Alternatively, Eq. (1) can be obtained from scat-
tering theory, see e.g. Eqs. (25) and (42) in Ref. [17] with
Γm = h¯Γmol.
Consider a magnetic-field ramp that is linear in time
with dǫ/dt > 0. In this case, the molecule fraction f
decays as [14]
f(ǫ) = exp

− 4|∆B|
3h¯
∣∣dB
dt
∣∣
√
ma2bg
h¯2
ǫ3/2

 (2)
for ǫ > 0, and f = 1 otherwise. The mean kinetic energy
of a single atom after the dissociation is then [14, 15]
〈E〉 =
1
2
Γ
(
5
3
)(
3h¯
∣∣dB
dt
∣∣
4|∆B|
√
h¯2
ma2bg
)2/3
, (3)
where Γ is the Euler gamma function with Γ
(
5
3
)
≈ 0.903.
This relation makes it possible to determine the width
∆B of a Feshbach resonance from a measurement of 〈E〉,
because abg is typically known with much better accu-
racy than ∆B. Unlike previous methods, this method
2of measuring ∆B does not depend on knowledge of the
initial atomic density distribution.
The probability density D for the velocity ~v of the
dissociated atoms is easily obtained from Eq. (2), yielding
D(~v )d3v =
3
4πv30
exp
(
−
|~v |3
v30
)
d3v , (4)
where 〈E〉 = m
2
v20Γ
(
5
3
)
. Using a time-of-flight method,
this velocity distribution is converted into a position dis-
tribution, which is measured using absorption imaging.
In the experiment, the velocity distribution of the
molecules before dissociation has a finite width. The re-
sult is an offset energy E0 in Eq. (3), but the shape of the
velocity distribution Eq. (4) is hardly affected, because
E0 is small.
A fit of Eq. (4) to the absorption images would be cum-
bersome, because no analytic solution is known for the
integral of Eq. (4) along one or two coordinate axes. We
therefore fit a two-dimensional Gaussian to the absorp-
tion images and extract 〈E〉 of the Gaussian fit function.
In order to analyze the error made by this choice of the
fit function, we numerically integrate Eq. (4) along one
coordinate axis for a specific value of 〈E〉 and fit a two-
dimensional Gaussian to this. The resulting best-fit value
〈E〉 of the Gaussian is a factor of ∼ 1.18 larger than the
true value 〈E〉 of Eq. (4). We correct the kinetic energies
in our data analysis by this factor.
An experimental cycle begins with the production of
a BEC of 87Rb atoms in a magnetic trap. The BEC is
then transferred to an optical dipole trap and a magnetic
field of up to ∼ 1000 G is applied. The atomic spin is
prepared in the absolute ground state |f,mf 〉 = |1, 1〉.
This state has many Feshbach resonances [18].
The dipole trap consists of two beams from a Nd:YAG
laser that cross at right angels. One beam is horizontal,
the other subtends an angle of 25◦ with the horizontal
plane. The horizontal beam has a beam waist (1/e2 ra-
dius of intensity) of 40 µm and a power of 45 mW, the
other beam has 55 µm and 20 mW. Trap frequencies of
2π × (80, 110, 170) Hz were measured with parametric
heating.
In our previous experiments [12, 19], an undesired re-
flection of the horizontal beam from an uncoated inside
surface of the glass cell housing the BEC caused a weak
standing wave. This created a one-dimensional optical
lattice with a well-depths of ∼ kB × 0.6 µK, which ex-
ceeds typical values of kBT and of the chemical poten-
tial. The horizontal beam is now tilted by a few degrees
with respect to the glass surface, thus eliminating this
standing wave. This improves the trap loading substan-
tially, because atoms from the wings of the trap are now
free to move to the central region. Now, a BEC of typ-
ically 6 × 105 atoms can be held in the crossed dipole
trap, with a small thermal fraction of less than 1 × 105
atoms. The in-trap peak density in the BEC is typically
5× 1014 cm−3.
FIG. 1: Mean kinetic energy per atom as a function of the
speed of the dissociation ramp. Parts (a), (b), (c), and (d)
were measured at Feshbach resonances at 632 G, 685 G, 912 G,
and 1007 G, respectively. The solid lines show fits of Eq. (3)
to the data. The best-fit values are shown in Tab. I.
Ultracold molecules are created by ramping the mag-
netic field slowly downward through one of the Feshbach
resonances, as described in Ref. [12]. About 2 ms be-
fore the molecule creation, the atoms are released from
the dipole trap. The fraction of the population that is
converted into molecules is ∼ 10% for the broad reso-
nances at 685 G and 1007 G, and it is ∼ 3% for the
narrower resonances at 632 G and 912 G. We could not
detect molecules when working at even narrower reso-
nances with a width predicted to be ∆B ∼ 0.2 mG. We
speculate that this is because the slow molecule-creation
ramp might suffer from magnetic-field noise. After the
molecule creation, a Stern-Gerlach field is applied to sep-
arate the molecules from the remaining atoms. Next, the
magnetic field is ramped upward through the Feshbach
resonance to dissociate the molecules. Then the atoms
fly freely for up to 11 ms, before an absorption image of
the cloud is taken on a video camera. The mean kinetic
energy is extracted from the image as described above.
3TABLE I: Position Bres and width ∆B of the Feshbach res-
onances. ∆Bfit is the best-fit value obtained from the mea-
surement in Fig. 1. ∆Bth is the theoretical prediction from
Ref. [18]. ∆Bprev is the result of a previous measurement in
Ref. [19].
Bres (G) ∆Bfit (mG) ∆Bth (mG) ∆Bprev (mG)
632 1.3(2) 1.5 −
685 6.2(6) 17 −
912 1.3(2) 1.3 −
1007 210(20) 170(30) 200(30)
Experimental results as a function of ramp speed are
shown in Fig. 1 for the 4 broadest Feshbach resonances
of the state |1, 1〉. Solid lines show fits of Eq. (3) to the
data, with the width of the resonance ∆B and the offset
energy E0 as free fit parameters. The best-fit values are
shown in Tab. I, using the theory value abg = 100.5 Bohr
radii for the state |1, 1〉 from Ref. [19]. For the resonances
at 632 G, 912 G, and 1007 G, the measured widths agree
well with the theoretical predictions and with a previ-
ously measured value, both also shown in Tab. I. The
good agreement shows that the dissociation of molecules
can be used as a reliable method to determine ∆B. The
resonance at 685 G, however, is a factor of ∼ 2.7 narrower
than predicted. More recent calculations [20] predict a
width of 10 mG for this resonance, which is much closer
to the value measured here.
It is surprising that a width as small as ∆B = 1.3 mG
can be measured with our setup, because the magnetic-
field noise is most likely larger than this value. The
observed linewidths of microwave transitions measured
with 50 ms long pulses sets an experimental upper bound
on magnetic-field noise of 4 mG (rms). An attempt to
directly measure the magnetic-field dependence of the
scattering length a(B) for the 632 G or 912 G reso-
nance would therefore most likely suffer strongly from
the magnetic-field noise.
There are two reasons, why such a small ∆B can
be measured with the method presented here nonethe-
less. First, the dissociation process is pretty fast, e.g.,
Γmol ∼ 10 kHz for ǫ = kB × 5 µK at the 912 G res-
onance. Therefore, low-frequency magnetic-field noise
merely shifts the exact time of dissociation but has no ef-
fect on the actual ramp speed during the rather short de-
cay time. Second, by choosing fast enough ramp speeds,
the experiment is operated in a regime where the rele-
vant decay happens at magnetic fields that are pretty far
away from Bres. A typical decay energy of ǫ = kB×5 µK
corresponds to B − Bres ∼ 25 mG for the 912 G reso-
nance. Here, the magnetic-field noise has little effect on
the molecule-decay rate.
In addition to the possibility to measure the widths of
Feshbach resonances, the dissociation of molecules into
atom pairs can also be used to produce a mono-energetic
FIG. 2: (color online) (a) Mono-energetic spherical wave of
atoms, created by dissociation of molecules when jumping
the magnetic field across the Feshbach resonance. The atoms
fly apart on the surface of a hollow sphere. The absorption-
imaging beam integrates the three-dimensional density pro-
file along one direction. The observed two-dimensional image
therefore shows a ring, with a non-zero density in the center.
The image was averaged over ∼ 100 experimental shots. (b)
Line profile across the center of the image. The dip in the
center is clearly visible.
spherical wave of atoms. To this end, the magnetic-field
is jumped across the resonance as fast as possible and
then held at a fixed value Bfinal. If the jump is fast
enough, there will be hardly any dissociation during the
jump. Therefore all molecules dissociate at Bfinal, thus
creating atoms with a fixed amount of kinetic energy.
Hence, the atoms fly apart on the surface of a hollow
sphere during the subsequent free flight.
The laser beam used in absorption imaging integrates
this density distribution along its propagation direction,
thus yielding a two-dimensional image that shows a ring,
with a non-zero density in the center. Such an image
is shown for the 685 G resonance in Fig. 2a. Due to the
initial momentum spread of the molecules the dissociated
atoms are not perfectly mono-energetic. This smears the
atomic distribution around the ring. The contrast is still
good enough to see a clear dip in the center of the line
profile in Fig. 2b. The data were taken with 5.5 ms time-
of-flight after the dissociation and with Bfinal − Bres ∼
40 mG corresponding to Γmol ∼ 20 kHz.
Technically, the creation of a sharp corner between the
magnetic-field jump and the plateau at Bfinal is difficult.
The experimental requirements concerning the sharpness
of this corner are more stringent with broader resonances
because of the faster molecule-decay rates. We believe
that this is why we were unable to observe a dip as in
Fig. 2b at the 1007 G resonance with the given bandwidth
of the servo that controls our magnetic field.
4The scheme with the jump in the magnetic field can
be easily generalized by using an arbitrary shape of the
dissociation ramp, which makes it possible to tailor the
time and energy dependence of the outgoing atomic wave
function.
As mentioned earlier, one expects that after the disso-
ciation of molecules the created atom pairs should have
precisely opposite momentum vectors, given that the
molecules had a negligible momentum spread initially. A
detection of this pair correlation might be an interesting
subject of future investigations.
In conclusion, dissociation of molecules with a linear
magnetic-field ramp is a simple and reliable technique to
determine the widths of Feshbach resonances, even in the
presence of magnetic-field noise. We measured the widths
of 4 Feshbach resonances in 87Rb thereby covering more
than 2 orders of magnitude in ∆B. We also showed that
dissociation of molecules can be used to create a quasi-
mono-energetic atomic wave.
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